INTRODUCTION
Countermeasures designed to preserve human lives after debris flow disasters can be classified as structural or nonstructural measures. Structural measures include checking dams, sabo structures, levees, and training channels, while nonstructural measures include warning and evacuation systems, proper land use, and improvement of buildings. Due to their geographic immobility, structures such as roads and railways can be vulnerable to debris flows. This paper describes structural countermeasures that have been used to counter debris flows in Japan. Ideally, countermeasures include a combination of structural and nonstructural measures.
Photo 1 was taken near Innsbruck, Austria. Houses are situated on the left-hand side, and an alluvial fan on the right-hand side is cultivated land with a channel from a debris basin in the center. This ideal situation is almost impossible in Japan, where almost all alluvial fans and debris cones include various distributions of houses and/or cultivated land.
STRUCTURAL COUNTERMEASURES
Structural measures can be classified into two types: those in areas where debris flows occur and those in areas subject to such flow and deposition [ Fig.  1 ; Yazawa and Mizuyama, 1987] . Structures located in a debris flow area are designed to stop the occurrence of debris flow. While removing sediment from a debris flow is an effective method and can be practical when the debris flow torrent is short, it is not considered a structural method and has never been used in Japan. Low drop structures and ground sills can reduce and stop erosion. Such structures are designed to prevent the occurrence of a debris flow or at least to reduce its magnitude, i.e., they reduce peak discharge and total debris flow volume. However, the torrent beds of debris flow-prone torrents are generally stable for a long period before a debris flow begins; thus until a debris flow occurs, it is difficult to judge whether these control structures are effective. If a debris flow does occur, clear evidence that control structures are not working properly includes disturbance of the torrent bed and surrounding area, indicating that the construction process probably weakened the torrent bed. In most cases, structural measures in source areas are not practical.
STRUCTURES IN DEBRIS FLOW REACHES
Researchers often consider debris flows to be similar to avalanches and assume that drop structures and concrete slit dams or breakers are required to dissipate the energy of a debris flow [e.g., Austrian researchers Huebl and Fiebiger, 2005] . This assumption is incorrect; the most effective way to control a debris flow is to trap all its sediment using the storage capacity of sabo dams. Photo 2 illustrates a new empty sabo dam trapping debris flow perfectly to protect the downstream area. It is not yet possible to Photo 2 Empty Gosuke sabo dam with trapped sediment on the Sumiyoshi River, Rokko Mountain, in 1967.
Fig. 2
Relationship between total debris flow volume and peak debris flow discharge. [Mizuyama et al., 1992] predict a debris flow discharge hydrograph or peak debris flow discharge. Figure 2 shows the relationship between total debris flow volume and debris flow peak discharge [Mizuyama et al., 1992] . This type of information can be used during structural design, but it is not particularly accurate. A debris flow is generated by severe erosion of the torrent bed in source areas, as small temporary natural landslide dams burst and contribute to a debris flow of the landslide mass, including a large volume of water. It is not known what triggers the debris flow in a specific torrent. Several surges are often observed during one debris flow event, as shown in Figure 3 [Suwa, 1989] . The frequency of debris flow is low, occurring once approximately every 100 years or more. Sabo dams intended to control debris flows may fill with sediment and trash, mainly woody debris, before a debris flow occurs. Maintaining the debris flow trap at its design capacity requires excavating this accumulation.
OPEN-TYPE SABO DAMS
Open-type sabo dams incorporating steel pipes or iron bars have been used as debris flow control structures for more than 30 years; Photo 3 shows an example. The opening is designed to trap large boulders from the debris flow front. Flume experiments have revealed that the most effective opening size for trapping debris flow is 1.5 times, or less, the maximum grain size that is likely to be concentrated at the front part of a debris flow. When they were first developed, these dams were designed to be self-cleaning. Researchers assumed that after the structure trapped a debris flow, subsequent ordinary flow would gradually erode the trapped fine sand and gravel, and debris flow trap capacity would be restored automatically. This rarely ever happens in actuality because ordinary flow discharge is generally not sufficient to erode trapped sediment. After large boulders and woody debris are trapped by the open dams, almost all sediment except the washload is deposited upstream of the sabo dam (Photo 4) where Photo 3 Open steel pipe in a sabo dam. [Suwa, 1989] .
it must be excavated by heavy machinery. Before such excavation equipment was available, a new sabo dam was constructed after the original dam was filled with sediment.
In the early 2000s, concrete-slit sabo dams were constructed as debris flow control structures. These are now considered unsafe because the narrow slits may cause water to back up. The debris flow is not stopped by the slit but instead stops in the low-flow velocity zone of the sabo dam, so that deposited sediment may be eroded and flow through the slit (see photos 5 and 6). These concrete-slit dams are no longer constructed, and lateral steel bars are generally installed in the slits of existing concrete-slit sabo dams.
DEBRIS FLOW BREAKER AND BOTTOM DRAINAGE SCREEN
Debris flows have a high sediment concentration by volume, approximately 35% at 10° of torrent. The assumption behind a debris flow breaker is that if some water is removed from the bulk of the debris flow, the debris flow will stop moving. This hypothesis was tested in the field, following tests in a flume. Photo 7 shows a debris flow breaker (20 m long and 10 m wide) constructed in the Kamikami-Horisawa Valley of Mount Yakedake. Videotaped footage showed the debris flow breaker effectively stopping a debris flow front (Photo 8). This type of debris flow breaker has been used during two volcanic torrents; sediment was excavated after the debris flow was deposited on the breaker (Photo 9). However, this type of structure is rarely constructed because local residents tend to be distrustful of the structure's efficacy, preferring instead wall-type concrete sabo dams because they appear stronger and more able to trap debris flow.
DEBRIS FLOW BARRIER OR WIRE NET
A wire net can be used to trap a debris flow. The advantage of this structure is that it does not require people to work inside a torrent bed. After a debris flow, the debris is removed and the wire net is replaced if it has been damaged. Although some doubts have been raised about their durability, nets have been used successfully in Switzerland and Japan (Photo 10).
COUNTERMEASURES FOR ROADS AND RAILWAYS
The structures described above can effectively protect large areas as well as linear corridors, such as roads and railways. Debris flow sheds can be used if a torrent bed is sufficiently higher than roads or railways.
CONCLUSIONS
Japan has more than 85,000 debris flow-prone torrent beds with more than five houses or public buildings downstream. Approximately 20% of these torrent beds now contain at least one sabo dam. Debris flow control structures must be dependable, inexpensive, and easy to install. Further research is required in this area.
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